Abstract: Porous hydroxyapatite (HA) artificial bone scaffolds were prepared via the freeze-gel casting process in order to improve their mechanical strengths. As a porogen, various volumes of poly (methyl methacrylate) (PMMA) powders were added to obtain high porosity, such as in cancellous bone. After fabrication, the porous and mechanical properties of the scaffolds were examined. The HA60 scaffold, with a porosity over 80%, had proper compressive strength and modulus and satisfied the range of properties of cancellous bone. Moreover, it was found that the investigated mechanical properties were affected by the scaffolds' porosity. However, a section was found where the compressive strength was high despite the increase in the porosity. Specifically, HA30 had a porosity of 62.9% and a compressive strength of 1.73 MPa, whereas the values for HA60 were 81.9% and 3.23 MPa, respectively. The results indicate that there are factors that can preserve the mechanical properties even if the porosity of the scaffold increases. Therefore, in this study, various parameters affecting the porous and mechanical properties of the scaffolds during the manufacturing process were analyzed. It is expected that the improvement in the mechanical properties of the artificial bone scaffold having a high porosity can be applied to tissue engineering.
Introduction
The development and manufacturing of artificial bone scaffolds are among the major directions of tissue engineering [1] [2] [3] . Bone scaffolds have been used for a variety of reasons. Scaffolds were developed as empty matrices for adhesion and proliferation of migrating cells and are used for drug-delivery systems owing to their porous architecture [4] [5] [6] . In addition, they have been utilized for supporting cell structures [7, 8] . Therefore, multiple factors, including the biocompatibility, bioactivity, and porous and mechanical properties, have been considered for the development of bone scaffolds.
They obtained similar results, with very high mechanical strength but a somewhat lower porosity. Therefore, research should continue to try and overcome the difficulties of fabricating bone scaffolds similar to cancellous bone having a porosity of 50 to 90% or more than 75% and the compressive strength of 1-12 MPa [7, 30] .
In this study, artificial bone scaffolds with good porous and mechanical properties similar to cancellous bone were fabricated. The structural changes occurring inside the scaffold during the fabrication process were observed in order to examine the origin of the good mechanical properties of high-porosity scaffolds. A freeze-gel casting method for high compressive strength [21, 29, 31] was used to prepare highly porous HA scaffolds. The main material was artificial HA, which is similar to the component of cancellous bone, and the microstructure of the scaffolds was controlled by adding different amounts of the porogen poly (methyl methacrylate) (PMMA) [19] . In this process, tert-butyl alcohol (TBA) was selected as the freezing solvent, which created columnar pore channels by removing itself during freeze-drying [32, 33] . The fabricated porous HA scaffolds were characterized with regard to their crystalline phase, microstructure, and physical and mechanical properties. Then, the observed structure and tendency of the variation of the properties were analyzed for determining why highly porous scaffolds have higher compressive strength than less porous scaffolds.
Materials and Methods

Scaffold Preparation
Calcined HA powder (Alfa Aesar, Haverhill, Massachusetts, USA) with an average particle size of 30-40 µm and PMMA powder (Sigma-Aldrich, St. Louis, Missouri, USA) with an average particle size of approximately 160 µm were mixed at different volume ratios; HA/PMMA was 100 vol %/0 vol %, 85/15, 70/30, 55/45, 40/60, and 25/75, respectively. Freeze-gel casting slurries were prepared at 25 vol % solid loading by adding the mixed powders to a premixed TBA (Junsei, Tokyo, Japan) solution containing mono-functional acrylamide (AM, Sigma-Aldrich, St. Louis, Missouri, USA) and di-functional N, N'-methylenebisacrylamide (MBAM, Sigma-Aldrich, St. Louis, Missouri, USA) as reactive organic monomer gelators with TBA/AM/MBAM (wt %) = 90/9.6/0.4. Then, 1 wt % citric acid (Sigma-Aldrich, USA) based on the mixed powder content and 0.25 wt % Dynol604 (Sigma-Aldrich, St. Louis, Missouri, USA) based on the TBA solution were added to the slurries. The prepared TBA-based slurry was stirred at 40 • C for 24 h and then stabilized at 40 • C in a water bath. For the stabilization in the water bath, an aqueous solution of 40 wt % free-radical initiator, namely, ammonium persulphate (Kanto Chemical, Tokyo, Japan), was slowly dropped into the slurries. Then, the prepared slurries were injected into Teflon cylindrical molds (25 mm in diameter) at the beginning of partial gelation. Subsequently, the molds, whose top and sides were protected with an insulating material, were placed on a plate cooled at a cryogenic temperature, resulting in uniaxial freezing of the TBA from the bottom to the top. The unidirectional TBA solidification provided pore channels throughout the whole cast body for its sublimation. Afterward, the frozen specimens were sublimed and dried for 24 h in a freeze dryer (SFDSF06, 31Naengyeol, Busan, Korea), causing longitudinal pore channels in a green body. Then, the dried specimens were heated in an electric furnace (Chamber furnace, UAF 15/5, Lenton, Hope Valley, UK) with the temperature set at 1 • C/min and maintained at 600 • C for 1 h to remove the PMMA and residual organic materials. Next, they were sintered at 1200 • C for 2 h. The scaffolds were classified as HA0, HA15, HA30, HA45, HA60, and HA75 according to the PMMA addition amount; for example, HA0 had 0 vol % PMMA. The fabrication of the scaffolds is schematically illustrated in Figure 1 
Physical Characterization
The weight of each specimen (n = 3) was measured before and after sintering to confirm the removal of the PMMA and residual organic matter. The bulk density and porosity were measured for four specimens via Archimedes' method using water. The size (diameter and height) of the scaffolds before and after sintering was measured to evaluate the linear shrinkage (n = 4).
Structural Characterization
Scanning electron microscopy (SEM, SUPRA25, Zeiss, Oberkochen, Germany) was used for microstructure observation. The shape of the pores in the cross-section perpendicular to the casting direction of the porous sintered body and the microstructure of the HA particles in the pore channel walls were observed. The pore size and pore channel wall thickness were calculated via SEM imaging software (SmartSEM, 05.06.05, Zeiss, Oberkochen, Germany). The surface of the specimens was precisely polished with SiC paper and washed in ethanol using an ultrasonic washing machine (Ultrasonic bath, CPX3800H-E, Branson, Danbury, Connecticut, USA).
The 3D structure of each sintered scaffold was photographed using a Micro-CT (SKYSCAN 1272, Bruker, Konitch, Belgium). A resolution of 21 µm was used, with the following acquisition conditions: 90 kV, 111 µA, a rotation step of 0.25 • , a 0.5 mm Al filter with a 0.038 mm Cu filter, and an exposure time of 1740 ms. The NRecon (1.7.1, Bruker, Konitch, Belgium) software was used to reconstruct the acquired image slices. Approximately 900 slices per sample were generated. The reconstructed images were processed by the CTAn software (1.17, Bruker, Konitch, Belgium). Custom processing was applied to selected regions of interest (ROIs) of the samples, fitting them exactly. Adaptive thresholding was applied according to the localized analysis of density, to minimize the partial volume effect and thickness biasing [34] . The overall porous structure of the specimens, including the pore diameter, size, and distribution, as well as the wall thickness of each pore channel wall were analyzed.
Mechanical Characterization
Each sintered specimen was cut to 20 mm in diameter and 8 mm in height using a multi-cutter (ISOMET4000, Buehler, Lake Bluff, IL, USA), and then both sides of the specimen were polished with 1 µm diamond paste. The compressive strength and the compressive modulus were measured at a strain rate of 0.5 mm/min [24, 29, 32, 35 ] using a 10.0 kN load cell universal testing machine (UTM, AG-X, Shimadzu, Kyoto, Japan).
Results
Crystalline Phases
HA powder calcined at 1000 • C was analyzed using XRD, and an HA phase was observed, which was consistent with the HA of ICSD No. 01-072-1243 ( Figure 2a ). This indicates that the PMMA and residual organics were completely removed. On the other hand, Figure 2b shows the XRD pattern of the porous scaffolds before and after sintering at 1200 • C. In the case of HA0, which did not contain PMMA, the XRD peak showed a higher strength and narrower width after sintering than before sintering. XRD patterns of (a) hydroxyapatite (HA) powder and (b) HA scaffolds before and after sintering ("BS" means "before sintering").
Physical Properties
Weight Loss
The weight ratio of the scaffolds before and after sintering corresponded to the ratio of the HA weight to the total weight of the material. Therefore, it was expected that the PMMA and residual organics were removed. Table 1 shows experimental results compared with the theoretical weight ratio. Three specimens per type of the scaffolds (S1, S2, and S3) were measured and calculated. By confirming p > 0.05 using the paired t-test, it could be seen that there was no difference between the theoretical results and the experimental results. The porous scaffolds sintered completely were only composed of HA powder. It is known that PMMA is used as a porogen by being vaporized and removed from the scaffolds [19, 34] . In this study, the PMMA was completely removed and produced the pores all over the inside of the artificial scaffold. Table 2 shows the porosity and linear shrinkage of both the height and cross-sectional diameter of the HA scaffolds according to the amount of PMMA added. The porosity of the 6 scaffold types was variously shown within the wide porosity range of cancellous bone. From HA0 to HA45, porosity was less than 75%, and for HA60 and HA75, it was over 75%. Considering that the porosity of the longitude direction for cancellous bone was observed to be more than 75%, it was shown that only scaffolds with high porosity could be applied to areas placed in a particular direction, and that HA60 and HA75 could be applied. The results of the linear shrinkage are shown schematically in Figure 3 . A larger amount of PMMA yielded a higher porosity and a greater linear shrinkage. The shrinkage of the diameter of the HA was approximately double that of the height. In contrast, for HA75, the shrinkage of the diameter was approximately 7% lower than that of the height. Compared with HA0, the shrinkage of the diameter for HA75 was 20% greater, and the shrinkage of the height was 5% greater. 
Porosity and Linear Shrinkage
Density and Density Growth Rate
As shown in Table 3 , the apparent density decreased with the decrease of the mass, as the amount of PMMA removed during sintering increased from HA0 to HA75. The results of the bone mineral density (BMD) from the Micro-CT obtained using 0.25 and 0.75 g/cm 3 of the BMD standard phantom corresponded to the tendency of the apparent density. BMD is defined as the volumetric density of calcium HA (CaHA) in a biological tissue (in g/cm3). It is calibrated using phantoms with a known density of CaHA [37] . The BMD after the sintering process was higher than that before the sintering process. As the amount of PMMA added increased, the BMD of the scaffold both before and after sintering decreased. However, as the amount of PMMA increased, it was observed that the difference in BMDs before and after sintering increased. Specifically, after sintering, HA75 became approximately 2.5 times denser than before sintering, whereas HA0 became approximately doubly denser (Figure 4) . Table 3 . Apparent density and bulk specific gravity of the HA scaffolds with respect to the PMMA addition amount. Bone mineral density (BMD) before and after sintering and the BMD ratio (the results after sintering/the results before sintering) with respect to the PMMA addition amount; the paired t-test for difference between BMD before sintering and BMD after sintering was carried out and p < 0.001. Figure 5 shows the 3D structure of the artificial bone scaffolds. There were more pores after sintering than before sintering. It is considered that PMMA vaporization during sintering at approximately 200 • C played a major role in the pore formation. A larger amount of PMMA added led to a larger number of pores being observed. This indicates that the amount of PMMA affected the pore formation. Additionally, the porosity and water absorption measured using Archimedes' principle of scaffolds increased with the amount of PMMA ( Table 2) .
Structure of HA Scaffolds
3D Structure and Porous Properties
The average pore size and pore-size distribution of the bone scaffolds are shown in Figure 6 . The results indicate that the mean and maximum pore sizes increased with the amount of PMMA. The average particle size of PMMA was 158.3 µm, and the mode was 168.9 µm. However, the size of the pores observed inside the scaffolds was >500 µm. The mean pore size of HA0 observed after the sublimation of TBA in the freeze-drying step (i.e., before sintering) was 89.34 µm, and most of the pores were distributed in the range of 65-108 µm. However, as the amount of PMMA increased, the average pore size increased, and the pore-size distribution became wider (Figure 6b) . The pore-size distribution after sintering was wider than that before sintering, as shown in Figure 6c . This is presumably because the cylindrical pore channels having a diameter of approximately 20 µm (Figure 7a ) formed when the TBA was sublimed and dried, serving as a passage through which the PMMA having an average size of 158 µm was vaporized and escaped. 
Surface and Cross-Section
As shown in Figure 7 , the HA scaffolds were observed via SEM parallel and perpendicular to the freezing direction of the TBA solvent. The porogen (PMMA) and residual organic materials were removed completely during the sintering process, and then pores of various sizes were formed. With the increase of the amount of PMMA (i.e., from HA0 to HA75) a larger number of pores and macropores was observed on the surface. 
Wall Thickness
It has been reported that a thicker wall between the pores of the artificial scaffolds yields better mechanical properties, including the compressive strength [38, 39] . Additionally, the wall thickness and porosity were known to be inversely related [40] . However, in this study, there is no significant difference in the wall thickness among HA0 to HA75 at the before sintering state (Figure 8a ). This phenomenon was also observed after the sintering process (Figure 8b) . The difference in the wall thickness between the before sintering and after sintering states tended to increase as the amount of PMMA addition increased. As shown in Table 4 , the average wall thickness of HA0 exhibited no significant difference between before and after sintering, whereas at HA75, the average wall thickness increased about 5 µm after sintering. Moreover, as the amount of PMMA increased, the range of the wall thickness became broader. 
Mechanical Properties
HA0 was a control group that did not contain PMMA, and it was observed that HA15 had the average values of the porosity and the apparent density similar to those of HA0. Although HA60 and HA75 were two types of scaffold with a porosity of more than 75%, HA60 was expected to exhibit relatively high mechanical properties. Thus, HA0 and HA60 were adopted to evaluate the mechanical properties among the 6 scaffold types. In addition, HA30 had the medium values between HA0 and HA60 for the properties such as porosity and density. Consequently, the three scaffold types HA0, HA30, and HA60 were selected. The compressive strength of HA0, HA30, and HA60 was 6.18, 1.73, and 3.23 MPa, respectively, and the porosity was 52.7%, 62.9%, and 81.9%, respectively. Compared with HA30, the scaffold HA60, which had approximately 30% higher porosity, exhibited mechanical properties approximately two times better. This result contradicts previous studies indicating that there is a linear inverse relationship between porosity and compressive strength. All three types of scaffolds satisfied the compressive-strength range of cancellous bone. On the other hand, HA60 had the highest compressive elastic modulus (Table 5 ). HA0 and HA60 were consistent with the modulus range of cancellous bone, and HA30 had a smaller modulus than real bone. Figure 9 shows the stress-strain curves obtained in the compression test of the three types of scaffolds. 
Discussion
Research for developing artificial bone scaffolds as implants into the human body has been actively conducted, with a focus on the porous and mechanical properties of the implants. Therefore, this study focused on the porous and compressive properties of artificial bone scaffolds. In numerous previous studies, an inverse correlation between the porosity and the compressive strength of scaffolds was reported [20] [21] [22] [23] [24] 34] . However, the present study indicated that the relationship between the porosity and the compressive strength is not necessarily inversely proportional. The porosity and compressive strength of HA30 were 62.9% and 1.73 MPa, respectively, while those of HA60 were 81.9% and 3.23 MPa, respectively. The compressive elastic modulus increased in the order of HA60, HA0, and HA30. The porosity of HA60 was 40% higher than that of HA30, and the compressive strength was approximately twice as high. Furthermore, the compressive strength and compressive elastic modulus of HA60 were similar to those of cancellous bone.
On the basis of these findings, the rate of change in the linear shrinkage after sintering according to the amount of PMMA added can be examined. In the present study, the TBA was sublimed and dried during freeze-drying; thus, the pore channel walls, which can be observed in Figure 7a , were created in a direction perpendicular to the cylindrical scaffolds. Therefore, in the structure of the scaffolds, the shrinkage of the diameter shown in Figure 7b -g can explain the shrinkage of the entrance of the pore channels and the shrinkage of the HA wall. In contrast, the height shrinkage explains the shrinkage of the length of the pore channel observed in Figure 7a . The tendency of the height shrinkage to be greater than the diameter shrinkage indicates that the length of the pore channels decreased more than the pore size of the pore channels. This can be attributed to the channel wall becoming harder owing to the densification. In previous studies, it was concluded that the linear shrinkage and density of porous artificial bone scaffolds are proportional to the mechanical properties and inversely proportional to the porosity. This is consistent with the fact that high shrinkage improved the mechanical properties in the present study. As shown in Figure 3 and Table 2 , HA0, HA15, and HA30 had greater shrinkage in diameter than in height, and both shrinkages increased by approximately 1-3% from HA0 to HA30. However, for HA45, the height shrinkage exceeded the diameter shrinkage. HA60 exhibited height shrinkage of 22.7% and diameter shrinkage of 19.3%, and the values for HA30 were 10.3% and 15.7%, respectively. The difference in the height shrinkage was approximately 12%, and that of the diameter shrinkage was approximately 4%. The pore size was not significantly changed by the removal of PMMA during sintering; rather, the length of the pore channels was reduced owing to the densification of the walls made of HA. Because the height shrinkage ratio of HA60 was approximately 12% larger than that of HA30, the compressive strength was twice as high, although the porosity was approximately 30% lower.
The rate of increase for the density also resulted in the feasibility of the proportional relationship between the porosity and the compressive strength. The apparent density of the scaffolds increased with the amount of HA. From HA0 to HA75, the apparent density decreased from 2.98 to 2.00 g/cm 3 . The BMD both before and after sintering decreased with the addition of PMMA. After sintering, the BMD increased by a factor of 2.6 for HA75, whereas it increased by a factor of 2 for HA0. Although the apparent density and BMD of the sintered HA60 were 2.17 and 0.40 g/cm 3 , respectively, which are considerably lower than those of HA30 (2.56 and 0.75 g/cm 3 ), the rate of the increase of the BMD was higher for HA60 than for HA30. This result supports the unprecedented phenomenon that HA60 had higher compressive strength than HA30. Furthermore, the tendencies of the rate of increase for the density and the linear shrinkage were similar; thus, it was expected that the walls between the pore channels rigidly supported the internal structure of the scaffolds. Tseng et al. suggested that the distance between the pores (i.e., the wall thickness of the pore channel) is one of the variables for calculating the porosity [38] . In other studies, a thicker scaffold wall led to better mechanical properties [40] [41] [42] . However, in the present study, the wall thickness and compressive strength were inversely proportional, and wall thickness and porosity tended to be proportional. This shows that it is important to identify the complex mechanism depending on the phenomenon occurring in the manufacturing process, rather than simply comparing the results after the production of the scaffolds. It is necessary to identify the correlation between the changes during the process (e.g., the rate of linear shrinkage, the rate of density increase, and the physical and mechanical characteristics of the scaffolds) and to apply it for manufacturing an optimal artificial bone scaffold to be implanted into the human body.
Conclusions
The porous and mechanical properties of porous artificial bone scaffolds fabricated via freeze-gel casting methods with a TBA solvent and HA and PMMA powder were evaluated. The porosity and compressive properties of the fabricated scaffolds corresponded to those of cancellous bone. The porosity and compressive strength were proportional, in contrast to the results of previous studies. To explain this peculiar phenomenon, the parameters that can improve the porous structure and the mechanical properties during the manufacturing process were analyzed. Several rates of change in the sintering process were calculated, such as the linear shrinkage rate and the density increase rate. It was confirmed that the values could explain the proportionality of the porosity and compressive strength. Therefore, it is important not only to measure the characteristic value of the manufactured scaffolds but also to clearly show the relationship between the characteristic values by tracking the change in the values in the manufacturing process, as this relationship can be used to predict the physical and mechanical properties of artificial bone scaffolds after they are implanted into a living body. In the present study, the porosity, compressive elastic modulus, and compressive strength of HA60 were similar to those of cancellous bone. In the next study, the biocompatibility of the support and the change in its mechanical properties after implantation will be observed. Additionally, the development of artificial bone scaffolds will be improved.
